Microsatellites are simple sequence repeats with a high degree of polymorphism in the genome; they are used as DNA markers in many molecular genetic studies. Using traditional methods such as the magnetic beads enrichment method, only a few microsatellite markers have been isolated from the Chinese mitten crab Eriocheir sinensis, as the crab genome sequence information is unavailable. Here, we have identified a large number of microsatellites from the Chinese mitten crab by taking advantage of Solexa genomic surveying. A total of 141,737 SSR (simple sequence repeats) motifs were identified via analysis of 883 Mb of the crab genomic DNA information, including mono-, di-, tri-, tetra-, penta-and hexa-nucleotide repeat motifs. The number of di-nucleotide repeat motifs was 82,979, making this the most abundant type of repeat motif (58.54%); the second most abundant were the tri-nucleotide repeats (42,657, 30.11%). Among di-nucleotide repeats, the most frequent repeats were AC motifs, accounting for 67.55% of the total number. AGG motifs were the most frequent (59.32%) of the tri-nucleotide motifs. A total of 15,125 microsatellite loci had a flanking sequence suitable for setting the primer of a polymerase chain reaction (PCR). To verify the identified SSRs, a subset of 100 primer pairs was randomly selected for PCR. Eighty two primer sets (82%) produced strong PCR products matching expected sizes, and 78% were polymorphic. In an analysis of 30 wild individuals from the Yangtze River with 20 primer sets, the number of alleles per locus
ranged from 2-14 and the mean allelic richness was 7.4. No linkage disequilibrium was found between any pair of loci, indicating that the markers were independent. The Hardy-Weinberg equilibrium test showed significant deviation in four of the 20 microsatellite loci after sequential Bonferroni corrections. This method is cost-and time-effective in comparison to traditional approaches for the isolation of microsatellites.
Keywords: microsatellite marker; Eriocheir sinensis; solexa sequencing
Introduction
Microsatellites or simple sequence repeats (SSRs), which are tandemly repeated units of one to six nucleotides, have been abundant in all prokaryotic and eukaryotic genomes analysed to date [1, 2] . They are evenly distributed throughout genomes and are usually characterized by a high degree of length polymorphism, which makes them one of the most popular genetic markers for a wide range of applications including genetic mapping, marker-assisted selection breeding (MAS), genetic diversity studies, population structure analysis, gene flow and germplasm conservation studies [3] [4] [5] [6] . However, a major drawback of the application of microsatellite markers is that they need to be isolated de novo from most organisms being examined for the first time.
Traditionally, the isolation of SSR markers has relied on the screening of genomic libraries using repetitive probes and sequencing of positive clones to develop SSR primers [7] . However, most of these steps are difficult, time-consuming, and relatively inefficient. Next-generation sequencing (NGS) technologies that speed up the process to generate a large number of sequences have been used recently to isolate SSR markers in studies of non-model animals [8, 9] , plants [10] [11] [12] and fishes [13] [14] [15] .
The Chinese mitten crab, Eriocheir sinensis, is a euryhaline brachyuran with a native range extending from the eastern Pacific coast of China to the Korean Peninsula [16] . In China, the basic production technology of mitten crab populations has had a long history, and today, it is one of the most economically important indigenous organisms in freshwater aquaculture with an annual aquaculture production of 570,000 mt in 2009, valued at 4.0 billion USD, according to the State of World Fisheries and Aquaculture from FAO [17] . Unfortunately, like many other cultured decapod species the mitten crab has not been completely domesticated and many broodstock crabs are collected from wild populations. To develop a strain with good performance, conventional selective breeding programs of the crab have been conducted for several years. Because the selection was performed based mainly on phenotypic assessment and because the breeding cycle is long, the breeding programs of the mitten crab have been inefficient. As verified in many cultured species, molecular markers introducing selection (i.e., MAS) are required to accelerate the course of the crab breeding [18] . Usually, MAS depends on a high-resolution genetic linkage map for various purposes including characterization of quantitative trait loci (QTL) [19] . Development of a large number of sequence-based genetic markers, such as microsatellites, is an essential step for MAS and linkage map construction. However, karyotypic analysis has shown that the diploid chromosome number in the mitten crab is large (2n = 146) [20] . It is estimated that hundreds of SSRs are required for construction of a high-density linkage map. To date, approximately 47 microsatellite markers have been developed [21] [22] [23] [24] , which is inadequate for construction of a linkage map. In this study, we used the Solexa sequencing technology for the whole genomic DNA survey of the Chinese mitten crab, in order to isolate polymorphic microsatellites on a large-scale for its linkage map construction.
Results

Genome Survey and Assembly
Solexa genomic surveying produced a total of 76.27 Gb of raw genomic data. We assembled the short reads using SOAP de novo, a genome assembler developed specifically for use with next-generation short-read sequences [25] . After excluding the data from poor libraries (reads with more than 10% of Q < 20 bases) and filtering low-quality sequences (reads with ambiguous bases "N"), 56.20 Gb reads remained as high-quality reads for de novo assembly. Finally, 883 Mb of sequence data were obtained from 1,096,936 scaffolds with a length range from 0.1 kb to 10 kb.
Microsatellite Loci Discovery and Primer Pair Design
The resultant 883 Mb of DNA sequence was analyzed to evaluate different types of perfect mono-, di-, tri-, tetra-, penta-and hexa-nucleotides. A total of 141,737 distinct microsatellite loci were identified. The SSR distribution density was approximately 161 loci per Mb. The most abundant type of repeat motif was a di-nucleotide (58.54%), followed by tri-nucleotide (30.11%), tetra-nucleotide (7.53%), penta-nucleotide (2.47%), hexa-nucleotide (1.05%), and mono-nucleotide (0.31%) repeat units ( Figure 1 ). There were large differences in the relative abundance of special repeat motifs. As shown in Figure 2A , among the di-nucleotide sequences, the motif AC had the highest frequency, representing 67.55% of the sampled sequences, followed by AG (32.44%). Motifs AT and GC (<0.01% each) were comparatively rare. The most frequent tri-nucleotide was AGG (59.32%), whereas AAT (0.74%), AGC (0.11%), ACG (0.09%), and GCC (0.01%) were comparatively scarce ( Figure 2B ). The frequency distributions from mono-to hexa-nucleotide repeats were calculated and are shown in Figure 3 . The bulk of repeat sequences were centralized in the domain composed of low copy number, and fewer sequences were seen with increasing copy number. Among the di-nucleotide repeat sequences, repeats with 10-11 copies were the most common (33.28%); among tri-nucleotide repeat sequences, repeats with 8-9 copies were the most common (22.28%). The size of each repeat sequence was determined by the copy number of its repeat unit (Table 1 ). To estimate the number of loci that represented promising candidates for PCR amplification-based scoring of microsatellite length variation, we screened the loci to determine which of them contained suitable flanking PCR primer sites; we referred to such loci as "potentially amplifiable loci" or PAL. We identified 15,125 PAL and designed their corresponding primer pairs, which represented 10.67% of microsatellite loci identified.
SSR Validation and Population Genetic Analysis
A subset of 100 PAL was selected for validation. Primers were designed for these loci and tested using the genomic DNA of a panel of five individuals. Eighty-two primer sets (82%) successfully yielded amplicons matching the expected sizes although they contained some nonspecific bands, and eighteen primer pairs did not give any amplification product. Of the eighty-two primer sets, four sets generated monomorphic products in all the tested individuals. A panel of 20 SSRs was used for further polymorphism testing in 30 individuals from a wild population. The primer sequences, repeat motifs, annealing temperatures, number of alleles, PCR ranges and the heterozygosity for the 20 new microsatellite loci are summarized in Table 2 . The amplification results showed that all the loci were polymorphic. The number of alleles per locus varied from 2 to 14 with an average of 7.4. No linkage disequilibrium was found between any pair of loci (p > 0.05 indicating that the markers were independent. The Hardy-Weinberg equilibrium (HWE) test, indicating the deviation from the expected heterozygosity, showed significant deviation in four (Eri3, Eri8, Eri11 and Eri14) of the 20 loci in the wild population after sequential Bonferroni corrections. Null alleles were presumed in five (Eri3, Eri6, Eri8, Eri14 and Eri16) of the 20 loci. Expected heterozygosities (He) ranged from 0.510 to 0.971 (mean: 0.800 ± 0.147) and observed heterozygosities (Ho) from 0.326 to 0.958 (mean: 0.689 ± 0.170). 
Discussion
Prior to our study, less than 50 SSR markers had been developed in the mitten crab using conventional methods [21] [22] [23] 26] . By taking advantage of the Solexa genomic survey here, we discovered an extensive set of 141,737 microsatellite loci in which 15,125 loci are PAL. Compared to the weeks or even months that would have been spent obtaining only tens of microsatellite loci by conventional methods, this process only took one month. This method consisting of a genomic survey is composed of only four steps: (i) isolation of genomic DNA; (ii) DNA sequencing and assembly; (iii) microsatellite loci discovery and primer design, and (iv) microsatellite verification [8] . No cloning or library screening is required. This new method targets all microsatellite repeat types (e.g., mono-, di-, tri-, tetra-, penta-, and hexa-nucleotide), while conventional methods require an SSR-enriched genomic library for screening a limited number of specific microsatellite motifs, and the choice of motif can have an effect on the variability detected [27] . Thus, the Solexa genomic survey is an effective method for large-scale isolation of microsatellite markers. Furthermore, millions of base pairs of genomic sequence are available in the survey, potentially providing a framework for further genomic analyses and a useful resource for gene research.
It is estimated that the size of crustacean genomes ranges from 55 Mb to 1800 Mb [28] . The cumulative length of the assembled sequences of the Chinese mitten crab genome reached 883 Mb and will provide important information about the mitten crab genomic organization of repeat sequences. The di-nucleotide repeats contributed to a major proportion of genome SSRs, while only a very small proportion was contributed by mono-, tri-, tetra-, penta-and hexa-nucleotide repeats (Figure 1 ). The number of di-nucleotide repeats was also the most prevalent in the Chinese shrimp [29] , fruit fly [30] , pufferfish [31] , human [32] , and plant [33] . Moreover, the di-nucleotide repeat class was the only class of repeats found in the genome of the prokaryote methanogenic archaeon (Methanococcus jannaschii) [34] . These data indicate that di-nucleotide repeats may have an important biological significance in the genesis and development of repeat sequences. Among the di-nucleotide repeats, AC was the most frequent motif in the crab genome as observed in many other eukaryotes [35] , with the exception of plants in which AT was the most abundant motif [36] . Interestingly, the frequency of GC and AT di-nucleotide repeats was in less than 0.01% each of the crab genome (Figure 2A ). This result is similar to that of most organisms including plants whose genome contains the rare GC repeat class [37] . One explanation of this GC suppression may be that the GC repeats present structural problems, and this point was exemplified with the association of a similar CCG repeat with the fragile X site on the human X chromosome [29] . Among the tri-nucleotide repeats, AGG (59.32%) was the most frequent in our dataset, as it was in the Japanese pufferfish [31] . AAT, AGC, AAG were the most frequent motifs in human, fruit fly and Chinese shrimp, respectively [29, 30, 32] . We hypothesized that the relative frequency of different types of tri-nucleotide motifs varied according to species. 1789 5,789 When a subset of 100 primer pairs from 15,125 PAL was tested, 78 of them were successfully amplified with polymorphisms from five individuals. When 20 microsatellite markers were selected for further polymorphism testing, all of them showed high diversity and variation among the 30 individuals tested. Adjusting for null alleles, the mean number of alleles per locus, H E and H O are 7.4, 0.800 and 0.689 respectively, demonstrating a relatively high genetic diversity within crab individuals. This is similar to reports from studies in other locations [21, 23, 24, 38, 39] ; however, four microsatellite loci exhibited drastic departures from HWE as shown by the fact that H E was apparently higher than H O (Table 2) . In this study, heterozygote deficiency at the four loci seems to be strong evidence for the deviations of HWE. Although there are several possible explanations for a deficiency of heterozygotes, here the consistent pattern across loci suggests that the individuals examined most likely do not originate from a single panmictic population (individuals in this study were sampled from the Yangtze River over quite a large geographical distance).
Experimental Section
Sample
A single specimen of Chinese mitten crab from one aquaculture farm in China was used as the sole source of tissue/DNA for a genomic DNA survey. The total genomic DNA was extracted from the muscle tissue using the standard proteinase K, phenol-chloroform procedure [40] . The genomic DNA concentration was quantified using an ultraviolet (UV) spectrophotometer (Nanodrop, Madison, WI, USA), and the DNA quality was assessed on a 0.8% agarose gel. In the population genetic analysis, the total DNA was extracted by the same method from ethanol-fixed tissues of 30 wild individuals who had been stored at the Key laboratory of Freshwater Aquatic Genetic Resources Certified by the Ministry of Agriculture, China.
DNA Sequencing
Approximately 1 mg of genomic DNA (>23 kb, OD260/OD280 ≈ 1.80) was subjected to Solexa sequencing analysis at Beijing Genomics Institute (BGI; Shenzhen, China) using whole-genome shotgun sequencing strategy and Illumina Genome Analyzer sequencing technology. Libraries with an insert size of 170 bp and 500 bp were prepared following the manufacturer's instructions (Illumina, San Diego, CA, USA). After library preparation and quality control of the DNA samples, four lane (two 170 bp, two 500 bp) template DNA fragments were hybridized to the surface of flow cells on an Illumina Genome Analyzer II sequencer (GA2), amplified to form clusters, and sequenced following the standard Illumina protocol.
De Novo Assembly
The read sequence was aligned using the SOAP de novo software [25] with the default setting, which adopts the De Bruijin graph data structure to construct contigs [41] . The reads were then realigned to the contig sequence, and the paired-end relationship between the reads was transferred to linkage between contigs. Scaffolds starting with short paired-ends were constructed and then the scaffold process was iterated step-by-step using longer insert-size paired-ends. To fill the intra-scaffold gaps, the paired-end information was used to retrieve read pairs that had one read well-aligned on the contigs and another read located in the gap region. We then did a local assembly for the collected reads.
Identification of Microsatellite Loci
The assembled sequences were scanned for perfect mono-, di-, tri-, tetra-, penta-and hexa-nucleotide tandem repeats (i.e., microsatellite loci) that met the following criteria: a minimum pattern length of 22 bp, at least 11 repeat units in case of mono-nucleotide and at least 11, 8, 6, 5 , and 4 repeat units for di-, tri-, tetra-, penta-and hexa-nucleotide SSR, respectively, using the SSRFinder program [42] . Each simple sequence was counted on one strand only, and the microsatellite loci were then sorted by the monomer sequence of the repeat (e.g., AG or AAG repeats) and by the number of tandemly repeated units. Non-unique repeat motifs (reverse-complement repeat motifs (e.g., AC and GT) and translated or shifted motifs (e.g., AAT, ATA, TAA, TTA, TAT and ATT)) were grouped together, so that there were a total of 2 unique 1mer repeats, 4 unique 2mer repeats, 10 unique 3mer repeats, 33 unique 4mer, 102 unique 5mer and 350 unique 6mer repeats [43] .
Screening of Loci suitable for PCR and Primer Design
Newly identified microsatellite loci are typically useful only if primers in the non-repeated flanking regions around the microsatellite can be designed and used successfully for PCR amplification. We therefore screened the assembled sequence with microsatellite loci for flanking regions with high quality PCR priming sites; we referred to such loci as "potentially amplifiable loci" or PAL. The primer-pair design process was automated to submit large batches of sequences to a local installation of the program Primer 3 [42] . We used fairly stringent criteria for the primer design, including the following specifications: (i) GC content >40%; (ii) melting temperatures (Tm) 60-65 °C with a maximum of 1 °C difference between paired primers; (iii) amplicon length range 80-300 bp, and (iv) primer size 24 ± 4 bp. All the remaining parameters were left at the default settings. If all criteria were met, a single primer-pair was chosen based on the highest Primer 3 assigned score and targeting the longest microsatellite element within a sequence.
SSR Marker Validation and Population Genetic Analysis
A subset of 100 primer pairs was synthesized and screened for amplification quality using the genomic DNA of a panel of five wild individuals. From the primers that showed scorable amplification, those that also produced specific amplification products and amplified consistently across individuals were further evaluated for marker polymorphism with additional 30 wild individual organisms sampled from the Yangtze River in China. Standard PCR was carried out in a 10 µL reaction containing 1 µL of DNA (~10 ng), 0.5 µL of forward primer and 0.5 µL of reverse primer (10 µM each), 5 µL of 2× Taq PCR MasterMix (Shanghai Xufei Company, China), and 3 µL of distilled water. The temperature cycling conditions were as follows: 95 °C for 4 min followed by 35 cycles of 94 °C for 30 s, 1 min at the annealing temperature listed in Table 2 and 72 °C for 1 min, with a final extension of 72 °C for 10 min. The separation of alleles was performed on 8% denaturing polyacrylamide gels with a 50 bp DNA marker (TaKaRa) to calculate the length of the SSR amplicons. Gels were stained with silver nitrate as previously described [44] . The allelic determination was made manually with the software package of Gel-Pro Analyzer 4.5 (http://www.mediacy.com/index.aspx?page=GelPro). The number of alleles per locus and heterozygosity were calculated using Arlequin version 3.0 [45] . Tests for linkage disequilibrium between pairs of loci and deviations from HWE (p < 0.05) were estimated using GENEPOP version 4.0 [46] , and the adjusted p-values for both analyses were obtained using a sequential Bonferroni test for multiple comparisons. MICRO-CHECKER version 2.2.3 [47] was used to test the presence of null alleles.
Conclusions
The Solexa sequencing method was applied to the development of microsatellite markers for the Chinese mitten crab. More than 15,000 microsatellites were achieved using this method. To the best of our knowledge, this is the first time that such a large number of microsatellites have been isolated from this crab. At the same time, the results of this study clearly demonstrate that in addition to the 454 pyrosequencing technology, Solexa sequencing technology is suitable for the isolation of microsatellites for non-model animals in an efficient and cost-effective way.
